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ABSTRACT
Anthrolink is a next generation communication system that has the potential to connect the next 3
billion individuals to the Internet. It uses phased patch antenna arrays and a simple phasing and
weighting algorithm for beam switching at 5.8 GHz. End-to end system validates key components
of a potential 5G network that supports IoT topologies of the future.
Using a sequence of an RF oscillator, beam-forming Butler matrix, an RF switch, and custom
beam-switching algorithms, a proof-of-concept communication system is produced. This is
verified by four independent and separate receiver endpoints that detect RF signals by way of DC
output. An energy efficient and resilient communication system is created that is a candidate for
IoT applications especially in machine-to-machine links.
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Introduction

60% of the world lacks access to the Internet, implicating a lack of access to its - educational,
social, economic benefits and opportunities [1]. Current market solutions to bridge the gap in
Internet connectivity are plagued with a spectrum of challenges. The two prominent roadblocks
are cost and usability. While there are market solutions for wide-scale Internet coverage, they are
unviable in connecting rural belts of the planet. WiMAX, the technology behind 4G and 3G, has
already been studied to check its viability in increasing global Internet connectivity. Case studies
in Bangladesh reveal that the cost per user for 3G is 10 to 15 times more expensive than that of
Wi-Fi local area networks [2]. Thus, addressing this crutch in social mobility is the fundamental
goal of our project.
As the traditional Internet landscape is becoming increasingly more expensive to break into due to
the cost of infrastructure and technical labor, many have turned to alternatives [2]. Wi-Fi enables
Internet connectivity in ways that can be delivered cheaply and with little continuing overhead
cost. Since current network infrastructure technology faces a spectrum of issues - from network
congestion to low bandwidth - a drive to next generation communication is necessary. Prototyping
and validating a machine-to-machine communication system not only helps catalyze Internet
connectivity - it also helps push progress towards 5G communication. While we do not propose
solving the Internet backbone problem, we propose a model alternative to traditional delivery of
copper wire for Internet access – a wireless beamforming network that supports end-to-end
automated switching between multiple endpoints and an RF hub.

1.1 Background
Any smart wireless system is comprised of a transmitter, receiver, and a control hub that adjusts
the parameters that can be changed – power of transmitted signal, communications scheme, and
priorities. Most of these systems, especially those for use in Wi-Fi technology, utilize
omnidirectional antennas, meaning that the antennas radiate in all directions equally. In order to
tackle the challenges posed by the proliferation of mobile devices and wireless networks, such as
congestion and lack of bandwidth, a beamforming antenna array will be utilized as the primary
transmitting element in our system.
Beamforming refers to the practice of combining signals from an array of antennas to create beam
patterns that have better radiation characteristics, such as higher gain and narrower beamwidth,
than the traditional single element antennas. One of the main advantages of beamforming phased
arrays is that no mechanical parts are needed to change the direction the signal transmitted from
the array. Another advantage is the greater degree of control that a system designer has over the
gain and direction of his signal, which enables applications such as device discovery. The desired
phase to feed each antenna can be created by semiconductor elements such as varactor diodes or
by passive transmission line circuits that provide benefits such as power savings.
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The theory behind beamforming can be explained through the concept of constructive and
destructive interference. An example of this can be derived from a two element array, shown in
Figure 1.1 [3].

Figure 1.1: 2-Element Linear Array, Hertzian Dipoles
A linear array refers to an arrangement of similar antennas oriented the same way with their centers
of symmetry lying along the same line, as in the z-axis in Figure 1.1. Using this example of two
element linear array of dipoles, we find that the total electric field of an array that each element is
excited with the same magnitude current but with a phase difference is equal to that of a single
element multiplied by an array factor, AF, given by
1
AF = 2 [ (𝛽𝑑 cos 𝜃 + 𝛼)] 𝑒 𝑗𝛼/2
2

(1.1)

where 𝛼 is the phase difference between the two currents in the dipoles, d is the spacing between
the center of two antennas and P is the location of observation of the radiated field. In this case, if
the phase of the dipoles were 90 degrees out of phase with each other, the resulting radiation pattern
would be as shown in Figure 1.2 [3].

Figure 1.2: 2-Linear Array, Hertzian Dipoles
The above figure shows the way that the array elements have concentrated the pattern in a
particular direction simply by varying the phases at which they were excited. Compared to an
omnidirectional antenna, the linear antenna array has much greater directivity and allows one to
send a concentrated radiation in a direction of his or her choosing. This can be seen in Figure 1.3.
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Figure 1.3: Beam Pattern Comparisons: Omnidirectional Transmitter (left) vs Beamforming
(right)

1.2 Project Objectives and Requirements
As discussed in prior sections, the objective of our project is to create a beam switching wireless
communication link. We aimed for designing a system that would transmit an RF beacon signal to
one of the four possible receiver nodes at desired timing and duration.
There is an emphasis on automated operation, removing reliance on any mechanical parts or human
intervention in designing the transmitter unit. The beam switching angle is determined from the
phase increment, , between each subsequent element and their spacing d. We choose a beam
switching angle of 20 degrees between adjacent lobes based on a prior design available for
uniformly excited 4-element linear array that would enable a desired separation between endpoints.
We chose to use microstrip patch antennas as the fundamental radiating element for designing both
the transmitter antenna array and end user receivers. Other electrical constraints include the power
delivered by the phased antenna array, gain of antenna elements, and resonance requirements.
These are summarized in Table 1.1.
Table 1.1: Project Requirements
Requirement
Notes
Beam switching angle
> 20 degrees
Patch Element Gain
> 3 dB
Resonance Frequency
5.8 GHz, S11 < -10 dB
Power Delivered to Endpoints
> -30 dBm
Automated End to End Operation
User Selectable Switching Time
Passive Radiating Element
Anthrolink is intended to operate at 5.8 GHz, a frequency band with minimum network congestion,
ideal for building resilient wireless networks. 5.8 GHz is chosen as our design frequency because
it is one of the bands that the FCC allows for unlicensed communications equipment. The patch
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antennas in receiver units and transmitter array for this project are resonant at 5.8 GHz. The
reflection coefficient, S11, at the excitation port of the antennas should be less than -10 dB at our
desired center frequency of 5.8 GHz. Furthermore, the system must deliver a discernable signal at
a distance of a minimum of a half meter to a number of RF detectors spread out over the range of
the radiation pattern of the array.
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Design Solution

2.1

System Level Overview

Anthrolink is a complete telecommunication system composed of a transmitter subsystem (hub)
with an antenna array fed by a passive Butler matrix to perform beam switching and four receiver
units to validate machine-to-machine communication. Figure 2.1 gives an overview of the system
with components in place, showing the overall signal path and expected system setup.

Figure 2.1: Overall System Overview
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2.2

Subsystem Design Decisions

In this section, the electronic parts of the transmitter and receiver subsystems are described and
the logic behind choosing the components are explained. The design of the transmitter and receiver
antennas and their feed networks are elaborated in Section 2.3.

2.2.1 Transmitter subsystem
RF Signal Generation
The transmitter provides a 5.8 GHz beacon signal that is sent to the receiving end of the system.
The RF source chosen for this project is the Texas Instruments LMX2592EVM because of the
range of outputs it supports as well as the ability to fine tune its RF output using the TICS Pro
software provided by the manufacturer. Some parameters available for tuning include the
magnitude of the outputted signal, single or double ended output, charge pump gain and multiplier
settings, and VCO calibration presets. The board also supports writing programming sequences
and other aspects to on-board registers as a means of saving desired settings. The instrument
supports an RF output up to +15 dBm.

Switching Control
After the RF signal is generated it should be fed to an RF switch to excite the desired port of
antenna array to launch the radiation beam in the intended angle. The RF switch chosen for our
system is the Mini Circuits USB-SP4T-63. This RF switch has USB I/O for programming purposes
as well, with a typical isolation rating of 50 dB and switching time of less than 3 microseconds
from 1 - 6000 MHz input frequencies. Purchasing an assembled switch with programming
capabilities increases the efficiency of system testing by automating the process. We determined
that using an automated switch in lieu of a human operated mechanical relay allows for a system
that closer resembles real world applications. In addition, the human operated relay would be
inefficient and prone to error due to the nature of the switching needed, as well as the difficulties
there would be in designing such a switch for high speed RF operation.
A useful feature of Anthrolink resides in the software algorithm that controls the programmable
switch. To simulate a real world wireless local area network which requires radiated beam to be
cast at different angles, a switching mechanism is needed, which is the main reason for choosing
a USB controlled RF switch. For the proof-of-concept setup, the GUI has been indispensable in
providing a visual cue for system integration. A complementary C++ routine has been created to
provide additional functionality if needed, which can be found in the appendix.

2.2.2 Receiver subsystem
RF Detection
At a range of 1 meter, the Friis transmission equation (2.1) can be used to estimate the amount of
RF power that can be expected at each endpoint under ideal conditions.
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𝑃𝑡𝐺𝑡𝐺𝑟λ2
Pr =
(4𝜋𝑅)2

(2.1)

In this equation, the received power Pr is equal to the transmitted power Pt multiplied with the
gains of the transmitting and receiving antennas (Gt and Gr) along with the wavelength and R
terms. The inverse of the wavelength and R term is the free-space path loss, which refers to the
amount a signal would be attenuated by when traveling through free space.
For a transmit power of +15 dBm, antenna gain of 4 dB on both transmit and receive sides, and a
free space wavelength of 51.74 cm, we expect the received power to have an ideal, maximum
value of about -25 dBm. Through testing in the lab, the power of the detected signal actually varied
between -30 and -45 dBm using our manufactured antennas and a source at +15 dBm at 5.8 GHz.
Since the amount of RF power that is received cannot light an LED on its own, an endpoint needed
to have its own way of both reading the received input and smartly deciding when to light up an
LED for our visual indicator based on if the received power was above a certain threshold or not.
To solve this problem, we chose an AD8318 based RF power detector, which outputs a DC voltage
given a RF power input on a logarithmic curve.
In order to map a given RF power, rectified to a DC voltage by the AD8138 chip, to a LED on or
off state, a microcontroller is required to act as the data processor and LED driver for the system
as a whole. The Texas Instruments MSP-EXP430G2 LaunchPad Development Kit was chosen for
this role. It has a 16-bit MCU and a 10-bit ADC. Initially, we used a Teensy LC Arduino to serve
as the detection hub and compare a rectified RF source to a threshold. However, in initial tests, the
low definition ADC on the Teensy LC did not accurately measure voltage off the IO pins, which
resulted in a noisy output to our microcontroller. By switching to the TI part, we were able to
define a voltage threshold well above noise level peaks. As seen in Figure 2.2, the noise is within
reasonable bounds of 100 mV because of the higher resolution ADC as well as defining a moving
average voltage read in the microcontroller code. By feeding the MSP-EXP430G2 with a DC
voltage from the AD8318, we were able to choose a voltage range, such as 1.45 Volts to 1.49 Volts,
and use this range to indicate RF reception. If the DC output is within this programmed voltage
range, the endpoints indicate reception by driving an LED.
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Figure 2.2: DC Voltage Readings on TI MSP430G2 (blue) and Threshold (red)
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2.3

Beamformer Design Strategy

Overview of feed network
The design of the feed network of the phased antenna was carried out using a Butler matrix design.
The Butler matrix is a compact 8- port beamforming network that utilizes phase shifters and
crossovers to achieve equal outputs with specific phase increment at its output ports to achieve a
multiple beam array [4]. Different phase shifts and hence beam angles are created by exciting the
array at different input ports. An example of a single port excitation is shown below [5].

Outputs

Input

Figure 2.3: Functional Diagram, Four Beam Butler Matrix Beamformer, Port 1 Excitation
The Butler matrix utilizes a number of design elements in order to achieve the phase difference
desired at the output. The four elements are the 45 degree phase shifter, 90 degree phase shifter,
quadrature hybrid coupler, and 4 port crossover. These elements are implemented using microstrip
technology, which consists of transmission lines created by copper strips separated from the
ground plane by a PCB substrate layer. The entire design is prepared using a combination of
Agilent ADS schematic simulation in conjunction with CST far field and other 3D simulation.
Select simulation substrate parameters are shown in the table below for the chosen material of FR4 and design frequency of 5.8 GHz.
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Table 2.1: Butler Matrix Fabrication Parameters
Parameter
Height
εr – Relative permittivity
Conductivity (Copper)
TanD – Loss tangent
Conductor thickness
Microstrip Width, 50 Ω

Value
59 mils
4.3
5.8e7 S/m
.025
15 micron
2.8 mm
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90 Degree Phase Shifter Design
The 90 degree phase shifter for this application was created using microstrip lines connected to
two optimal mitered bends. In order to mitigate the effects of the mitered bends at the input and
output, a quarter wave microstrip line is added at these points for a total of a half wavelength. In
the actual manufactured design, these lengths are omitted.
The final microstrip length for this element is found using optimization in Agilent ADS schematic
simulation. The optimization was found starting with a baseline of 1.25 wavelengths total length
to fit physical requirements and manufacturing requirements, which was 32.3 mm. This length was
split equally into sections of 16 mm and optimized to yield the structure in Figure 2.4. Note that
W = width is the width of a 50 Ω microstrip line, found from ADS Linecalc to be 2.8 mm.
S12 simulation results show a -90 degree phase shift from input to the output.

Figure 2.4: 90 Degree Phase Shifter Design in ADS
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Figure 2.5: S12 Phase, 90 Degree Phase Shifter

13

45 Degree Phase Shifter Design
The 45 degree phase shifter is simulated using the same methods as the 90 degree phase shifter.
Half wavelength sections are also added to the input and output to mitigate the effect of the mitered
bend discontinuities at the ports. The final microstrip length for this element is found using
optimization starting with a baseline of 1.125 (one and one eighth) wavelengths for the total length.
This baseline was calculated to be 29 mm, which was then divided into two equal lengths of about
5 mm and one longer length of 19 mm, which was then optimized. S12 simulation results show a
-45 degree phase shift from input to the output. As before, W = 2.8mm corresponds to the width
of a 50 Ω microstrip line.

Figure 2.6: 45 Degree Phase Shifter Design in ADS
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Figure 2.7: S12 Phase for 45 Degree Phase Shifter
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Quadrature Hybrid Design
The quadrature hybrid coupler was created according to the well-known design of a quarter
wavelength for each “leg” of the structure. The baseline length for each “leg” of the quadrature
hybrid is λ/4 where λ refers to the microstrip wavelength, or the signal propagation wavelength in
the microstrip transmission line. This is distinct from the free space wavelength, as the
characteristics of the transmission line affects how the wave travels in the medium. This was found
to be 6.4 mm, with allowances for the junctions that connect each part of the quadrature hybrid.
The optimal width of the second section of line was found through optimization using a baseline
width of 3.8 mm. The optimal length of this structure was also found using the software, with final
values shown in Figure 2.8. Note that W = W1 = 2.8 mm, the width of a 50 Ω microstrip. W =
width2 = 4.1mm corresponds to the optimized trace width of a 35 Ω (Z0/√2) microstrip line.

Figure 2.8: Quadrature Hybrid Design in ADS
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Figure 2.9: S-parameters for Quadrature Hybrid
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Figure 2.10: Phase Difference, Port 2 and Port 3 of Quadrature Hybrid
From the plots above, the quadrature hybrid as designed displays good characteristics for the
design frequency of 5.8 GHz. The phase difference between port 2 and port 3 of the structure is
expected to be 90 degrees. As simulated, the design shows a phase difference of 85 degrees, which
is close to what is expected out of the quadrature hybrid.
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Crossover Design
In order to provide the desired phase shifts at different output ports, a crossover structure is used
that provides isolation between input and output ports at opposite ends. The design is derived from
the idea of two quadrature hybrids placed back to back to form the two isolating outputs and inputs
[6]. The total length for each “leg” of the crossover was λ/4, as with the quadrature hybrid. This
meant that the middle section was λ/2, or about 12.9 mm long. In order to ease manufacturability
requirements, the legs were designed to add λ/2 length in total, which would have no net effect on
the structure as a whole.

Figure 2.11: Crossover Design in ADS
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Figure 12.12: S-parameters for Crossover
The crossover shows good S11 results for the design frequency, readily accepting power at 5.8
GHz with a S11 value of -41 dB. It can be seen that the signal sent from port 1 is now crossed over
to the top trace and with 2.365 dB less power shown at port 3, while the signal through the bottom
path is attenuated by about 9.384 dB. The difference in attenuation between ports can be attributed
to the changes made by the parametric optimizer and is an avenue for future improvement.
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2.4

Patch Antenna Design

The radiating element of our antenna system was chosen to be the patch antenna. This particular
antenna element was chosen because of its well-known and well-behaved design and ease of
optimization and simulation in any variety of software [7]. It is a low profile and low cost antenna
with a relatively good radiation gain. The initial design of the patch antenna was created using
substrate parameters given in the following table, which are extracted from the substrate datasheet.
Table 2.2: Patch Antenna Initial Design Values
Parameter
Value
Height
59 mils
εr – Relative permittivity
4.5
Conductivity (Copper)
5.8e7 S/m
TanD – Loss tangent
.02
Conductor thickness
15 micron
Assuming free-space conditions, the wavelength for 5.8 GHz frequency was found from the
following equation, where c is the speed of light.
λ=

𝑐
𝑓

(2.2)

Using this value, the length and width of the patch was calculated from equation 2.2 and 2.3
respectively, where L is the length of the patch and W is the width of the patch.
L = 0.49

λ
√ε𝑟

λ ε𝑟 + 1
W= √
2
2

(2.3)

(2.4)

The feed of this element was designed using ADS Linecalc to match the edge impedance of the
patch to a quarter wave transformer. The edge impedance of the patch and impedance of the quarter
wave transformer is given by 𝑍𝐴 and 𝑍0′ when 𝑍0 is 50 Ω [7].
𝑍𝐴 = 90

ε𝑟 2
𝐿
( )
ε𝑟 − 1 𝑊

𝑍0′ = √𝑍0 𝑍𝐴

(2.5)

(2.6)

Using the above design guidelines, initial results for the patch antenna are shown in the following
table.
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Table 2.3: Patch Element Initial Design Values
Parameter
Patch Width
Patch Length
Feed Width
Feed Length
𝑍𝐴
𝑍0′

Value
15.6 mm
11.94 mm
0.383 mm
7.48 mm
305 Ω
123.5 Ω

The above values as simulated in CST did not give resonance at the necessary frequency of 5.8
GHz instead, instead resonating around 5.2 GHz. Using CST’s built in optimizer function, the
parameters were modified for proper operation at 5.8 GHz.

Figure 2.13: Optimized Single Element Patch Antenna, CST Studio Suite
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Table 2.4: Patch Element Optimized Design Values
Parameter
Patch Width
Patch Length
Feed Width
Feed Length

Value
18.14 mm
9.984 mm
0.5135 mm
7.33 mm

The S11 parameters for these dimensions show a value of -14 dB for 5.8 GHz.

Figure 2.14: S11 for Optimized Patch Antenna
The patch antenna was fabricated on FR-4 substrate and 1 ounce copper trace. This design was
also used as the basis for the radiating elements in the transmitter that connect to the Butler matrix
feed as described in Section 2.3.
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2.5

Patch and Feed Integration

The patch antennas and Butler matrix as designed were imported into CST for 3D RF simulation.
The combined patch and Butler matrix array is shown in Figure 2.15.

Figure 2.15: Combined Butler Matrix and Patch Array
For the simulation, lumped ports were created using the face of each input 1-4 as shown in
Figure 2.16. The frequency domain solver was used, with far-field monitors set at 5.8 GHz.

Figure 2.16: Port Setup for CST Simulation
An example of the beamforming nature of the antenna structure is shown in the following diagrams,
which depict the far field response of the array for excitations at port 1, 2, 3, and 4.
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Figure 2.17: Butler Matrix fed Antenna Array, Far Field Realized Gain, CST Simulation, Port 1
The above shows a main lobe direction of 40 degrees from the normal, with the realized gain of
2.28 dB and a 3 dB with of 28.7 degrees. Note that gain refers to the performance of an antenna
with regards to its directivity and efficiency. Directivity is a measure of how much an antenna
radiates in a certain direction, and efficiency is the ratio of radiated RF power to input RF power
into the antenna. Compared to gain, realized gain also includes losses due to impedance
mismatches above what is already included in gain, which makes it a better measure of real world
performance of an antenna. This is the far right beam of the beamforming array, which is in line
with what is expected from the design.
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Figure 2.18: Butler Matrix fed Antenna Array, Far Field Realized Gain, CST Simulation, Port 2
Compared to the port 1 excitation, this lobe is 10 degrees from the normal with a realized gain of
almost 7 dB. The directivity of the main lobe here is much greater due to phase and magnitude
differences resulted in the feed design and port coupling. In the ideal case, directivity/gain for each
beam angle should be the same. As simulations of the Butler matrix showed there are some phase
and magnitude errors in the design that contributes to the difference in gain and beamwidth of the
lobes when compared to ideal case patterns.
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Figure 2.19: Butler Matrix fed Antenna Array, Far Field Realized Gain, CST Simulation, Port 3
Port 3 is the reciprocal port for port 2, with a main lobe angle of 10 degrees in the opposite direction.
This shows the mirror nature of the array, with port 1 and 4 and port 2 and 3 corresponding with
each other. The main lobe realized gain is similar to that of port 2, 6.82 dB compared to 6.95 dB.
The angle of the lobe is the same direction on the opposite site, appearing on the right side of the
array compared to the left.
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Figure 2.20: Butler Matrix fed Antenna Array, Far Field Realized Gain, CST Simulation, Port 4
Port 4 is reciprocal to port 1, with a similar main lobe realized gain of 2.45 dB (vs 2.28 dB). For
this port excitation, the main lobe direction is 41 degrees from 0 (0 is the broadside angle), which
means that the lobe separation from the pattern created by exciting port 2 is 30 degrees. In addition,
the simulations show a main lobe that is angled 10 degrees to the left of the array for port 2
excitation, while the port 3 excitation shows a main lobe of angle 10 degrees to the right of the
array. This results in a total 20 degree lobe separation between port 2 and port 3, which meets the
requirements as outlined in the previous sections. A similar comparison between port 1 and port 3
results in a 30 degree lobe separation between the two, which means all four of our lobes meet the
lobe separation requirement of 20 degrees.
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Fabrication Process

In order to manufacture the antennas required for this project, all designs were created using
Agilent ADS, which was used to generate industry standard Gerber files for production at a PCB
manufacturing house. These designs were created using standard FR-4 substrate, a low-cost
material that is widely used in the industry. The material for trace was also chosen to be
standardized 1 ounce copper, with a silver coating for the microstrip finish to prevent oxidation.
Compliance with industry standards for both materials and design practice is important for
reproducibility. Because of the tolerances needed for creating the feedlines and other features on
the boards, professional fabrication ensures that each antenna produced is resonant at the correct
frequencies. Fabrication houses also offer validation of the structures, allowing for testing such as
short and open tests.
In choosing a manufacturing partner for these PCBs, one of the important aspects that should be
considered is the RF properties of the substrates used. If the fabrication partner uses FR-4 substrate
with slightly different dielectric properties than as simulated, it becomes necessary to manually
tune the end product. An example of this is shown in the design and fabrication of the single
element patch antenna, which required an increase in the patch length from 10 mm to 10.9 mm.
The patch width, feed width, and feed length are kept the same. As simulated with a patch length
of 10 mm, the patch antenna shows good resonance at 5.8 GHz. The antenna as manufactured
however showed resonance at 6.2 GHz in Figure 3.1.

Figure 3.1: Patch Antenna as Manufactured
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Figure 3.2: Single Element Patch Antenna S11 Parameters, as Manufactured
In order to shift the resonance of our patch antenna to 5.8 GHz, copper tape was added to the patch
in order to increase the length of the patch, therefore dropping the center frequency of the patch.
The results for one of these patches is shown in Figure 3.2.

Figure 3.3: Single Element Patch Antenna, Modified
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Figure 3.4: Modified Patch Antenna, VNA Measurement
As shown above, the resonance of the patch antenna has shifted to the desired frequency of 5.8
GHz. The copper tape impacts the actual performance of the antenna minimally, with a change in
dB from -22 dB to -20.8 dB. This drop does not significantly affect the performance of the
receivers in the system.
For the Butler matrix fed antenna array, a board manufacturer with more precise specifications for
the substrate used as well as tighter manufacturing tolerances was selected. This resulted in the
board as shown in Figure 3.5.
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Figure 3.5: Butler Matrix Fed Phased Array, as Manufactured
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Test Setup, Measurements, and Results

The Butler matrix fed antenna array was fabricated according to the design as simulated in CST.
Three tests were carried out to verify functionality of the design – VNA measurements, pattern
measurements, and system integration testing.

S-parameter Measurement Test Setup
The VNA measurements were carried out first by performing standard short, open load calibration
of the VNA in the frequency range of 5 to 7 GHz. When taking measurements, ports not under test
are terminated using 50 ohm loads. Each port’s S-parameters are taken individually. This yields
measurements for S11, S22, S33, and S44.

Fig 4.1: Smith Chart of S11 After VNA Calibration at 5.8 GHz, 50 Ω Load

S-parameter Measurements
In order to compare the simulation and the actual measurements, the data was extracted from the
VNA to a CSV file and plotted against the data gleaned from simulation. The plots show the S11
magnitude in dB vs frequency in GHz, from 5 to 7 GHz.
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Figure 4.2: Butler Matrix fed Antenna Array S11, dB vs Frequency
Measurement (Blue) vs Simulation (Red)
S11, the S-parameter measurement when port 1is measured and ports 2-4 are terminated with 50
ohms loads, is shown in Figure 4.2. At 5.8 GHz, there is a discrepancy of around -5 dB. This has
to do with the slight shift in frequency – this was a result of the slight discrepancies in the substrate
material as simulated and what was actually used as the PCB by the fabrication house. Any slight
drift or difference in the dielectric constant of the PCB material (in this case, FR-4) would also
result in the difference that are shown here in the S11 plots. It can be observed from Figure 4.2
that the shift is about 200 MHz. Overall, the measured S-parameters follow the simulated Sparameters in shape, with a shift of 200 MHz to the left.
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Figure 4.3: Butler Matrix fed Antenna Array S22, dB vs Frequency
Measurement (Blue) vs Simulation (Red)
The same frequency shift occurs in observing the dips in return loss profile when port 2 is excited
and the other 3 are terminated to match load. As can be seen in Figure 4.3 the most pronounced
dip at 5.6 GHz is shifted to 5.4 GHz, while the one at 6.1 GHz is shifted slightly to 5.9 GHz. Again,
the shape of the measured data closely follows the simulated data.
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Figure 4.4: Butler Matrix fed Antenna Array S33, dB vs Frequency
Measurement (Blue) vs Simulation (Red)
The S33 plot in Figure 4.4 also shows the 200 MHz shift particularly in the dips seen at 5.6 GHz
from simulation and 6.2 GHz in the simulation or measurement. Since port 3 is expected to be
reciprocal to port 2, we find that the S-parameters in this case have similar peaks and troughs.
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Figure 4.5: Butler Matrix fed Antenna Array S44, dB vs Frequency
Measurement (Blue) vs Simulation (Red)
The S44 measurements shown in Figure 4.5 indicate that the general shape of the S44 plot matches
the data as simulated. There is some discrepancy, such as a small shift in the dip around 6.6 GHz.
Overall, the measurements demonstrate the need for accurate fabrication and checking of desired
parameters. In our case, the shift in frequencies did not severely impact our validation testing, with
the phased antenna array still demonstrating the desired beamforming properties needed by the
system.
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Radiation Pattern Test Setup
The test setup for radiation pattern measurement was created using two ME1300 Dreamcatcher
Antenna Training Kits, utilizing the metal poles as towers while bypassing the internal circuitry.
A diagram of this set up is shown in Figure 4.6. The roundabout methods are necessary because
the ME1300 kits are not rated for use at 5.8 GHz – using this setup, the internal circuitry of the
ME1300s are bypassed. The receive tower, which rotates using a stepper motor, was created using
two foam board “standoffs” that hold the array above the center pole in order to allow use of a
separate cable to the spectrum analyzer for measurement, shown in Figure 4.7. The transmit side
consists of an identical ME1300 antenna tower with a 5.8 GHz patch antenna attached to it. The
transmit side is kept facing the phased array at all times. The distance between the two towers was
kept in far field according to largest range found from Equations 4.1, 4.2, and 4.3, where R is the
separation distance, λ is the wavelength of the center frequency of the antennas, and D is the largest
dimension of the antenna array [7]. D for the Butler matrix fed antenna array was measured to be
104 mm, which is the edge-edge distance from the first patch element of the array to the far edge
of the fourth patch.
𝑅≫λ
𝑅≫𝐷
𝐷2
𝑅≫
λ

(4.1)
(4.2)
(4.3)

Using λ = 51.72 cm from 5.8 GHz in free space, the maximum R was calculated as 51.72 cm. A
distance of 110 cm was chosen as the separation between the broadcast and receive antennas in
order to be at the far field region while also ensuring more pronounced nulls between adjacent
lobes in comparison to near field region. This makes the pattern measurement more defined.
The receive tower was created using our phased array antenna, which will move according to the
steps defined in the ME1300 interface application. A run consists of a complete rotation of the
ME1300-RX antenna tower of 360 degrees separated into 10 degree intervals. One run was done
for each input of the phased array for a total of four runs.

Figure 4.6: Radiation Pattern Test Setup
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Figure 4.7: Foam Board Standoff Setup, Butler Matrix Array
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Radiation Pattern Measurements and Comparison
The radiation patterns as captured from the test setup described in the previous section match
closely to what the expected pattern should look like from simulation. A comparison for each of
the four ports with the simulated patterns are shown below. Figure 4.8 through 4.11 shows the
comparison for a port 1, 2, 3, and 4 excitations of the phased antenna array respectively. The raw
data used in plotting the radiation pattern is available in the appendix.

Figure 4.8: Simulation (left) and Actual (right) Radiation Pattern, Port 1 Excitation

Figure 4.9: Simulation (left) and Actual (right) Radiation Pattern, Port 2 Excitation

40

Figure 4.10: Simulation (left) and Actual (right) Radiation Pattern, Port 3 Excitation

Figure 4.11: Simulation (left) and Actual (right) Radiation Pattern, Port 4 Excitation
Some limitations of our approach is due to the methodology of our actual measurements. Since it
is an in-lab measurement the power readings by the spectrum analyzer introduces measurement
error as well as some inaccuracy due to the fluctuation in value. In addition, the tests were
conducted in a non-shielded, real world situation which had the potential to introduce errors from
unwanted radiation sources. The following power measurements were taken using the 18.5 dBm
source with a 5.8 GHz patch antenna and the phased antenna array placed at a distance of 110 cm.
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Overall, the actual patterns exhibit the same behavior as expected from the simulations of far field
gain which were generated from CST. For example, for port 4 and port 1 excitation, as can be seen
in Figure 4.8 and Figure 4.11, the side lobe at 30 degrees from the main lobe is also apparent in
the measurements, with greater power received when the phased array is turned to that angle. The
difference between an “active” and “inactive” region is about -10 dBm. This metric is later used
as a way to distinguish between “on” and “off” states in the RF detector microcontroller block of
the receiver subsystem.
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System Validation
A complete validation of our system was carried out using both two and four receiver
configurations. A picture of the setup for the two receiver configuration is shown in Figure 4.11.

Figure 4.12: Physical Test Setup for Anthrolink System Validation,
Port 2 Excitation (above) vs Port 3 Excitation (below)
Figure 4.12 shows two receivers in operation, with one receiver active in each figure. The photo
was taken from the perspective of the transmitter at a distance of 1 meter with 10 degree separation
from the vertical (broadside direction). With this spacing, the receivers were successful in lighting
up an LED based on a received 5.8 GHz signal that was generated by our source and transmitted
by the phased antenna array. The received power varied by approximately 10 dBm on average,
with a high and low value of -35 dBm and -45 dBm respectively. This allowed a clear definition
of what was “active” and “inactive” in the test setup.
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Sustainability and Environmental Impact

The foundation of Anthrolink is rooted in ethical intent and addressing overarching global
challenges. Over the course of product development, we have shifted emphasis from solely phased
antenna arrays to a comprehensive system validation. Our goals include creating a cost-effective
system that is energy efficient while providing resilient networking abilities to the individual.
While a proof of concept system in 5G beam steering technology has many industrial solutions,
our primary intended end users are individuals who lack access to the Internet.

Environmental & Energy Considerations
As one of the key goals is energy efficiency, environmental considerations are paramount in the
design of Anthrolink. Anthrolink leverages a gamut of off-the-shelf components such as:



An RF synthesizer from Texas Instruments
A solid state RF switch from Mini Circuits

In using products from large scale manufacturers, we significantly lower our Scope I emissions.
Scope I emissions, according to the Greenhouse Gas Protocol, are direct emissions from sources
controlled by a particular organization. In other words, we reduce the need to reinvent entire
subsystems and their respective components.
Large scale vendors such as Texas Instruments have an optimized supply chain with a large output
of products such as the RF Synthesizer, signaling a low greenhouse gas emissions quantity per
unit.
Durability is a key concern as unreliable and faulty system components lead to material wastage.
Anthrolink incorporates passive beam switching as the foundational principle of operation leading
to an operation without mechanically moving parts. A system with no moving parts is a system
with a long durability and low wastage. Most components are circuit boards and electronic parts
which can be recycled.
In terms of operation energy usage, the hallmark of Anthrolink is its inherent use of the phased
antenna array for beamforming. As the crux of the system is a passive element, energy use is
minimal. Moreover, the other chief component is an energy efficient RF switch that uses C++
algorithms to automate beam switching. Through automation, energy efficiency is increased
further.

Materials Consideration
With a variety of parts and subsystems from an RF synthesizer to an RF detector, the materials
selected has a large impact on our collective environmental footprint. We ran several tradeoff
analyses on the development of each subsystem. We acknowledged that in building components
from the ground up, we risk increased time, material, and cost expenses. Thus, off-the-shelf
components comprise the majority of the system. In procuring parts from established vendors, we
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minimize our carbon emissions, lower material waste by utilizing an established, effective supply
chain. As an overarching principle, Anthrolink does not reinvent the wheel. In lieu of building
every hardware entity from scratch, the focus is on creating a cohesive system by using custom
made software for automation. In addition, the use of software simulation programs before the
fabrication process prevented material waste as CAD tools provided a way to tweak output
parameters without the need to iterate through physical prototypes.

Social Impact
The majority of the planet lacks access to the Internet - one of the largest gaps in socioeconomic
equity. One of the key challenges is the building of Internet infrastructure by developing nations,
especially in rural areas. Using phased antenna arrays and economical hardware to beam-steer
signals leveraging software drastically reduces the cost of providing connectivity to isolated
communities. The Internet infrastructure of today is plagued with issues from heavy overhead cost
to low bandwidth. With over 60% of the world lacking Internet connectivity, a low-cost solution
for Internet infrastructure is imperative. By validating a low-cost system for next generation
communication, we help enable the next market. The Internet of Things has reached every corner
of society including health and manufacturing. Anthrolink is a catalyst for developing countries to
adopt these new trends. Thus, Anthrolink embraces social sustainability by helping increase the
viability of Internet connectivity for the planet. Rather than lay copper cable to every building in
a small village, Anthrolink enables the quick creation of wireless local area networks.
The world, developing nations in particular, are in a state of constant flux. Routing and rerouting
physical infrastructure within a locale is unviable and accounts for one of the reasons the majority
of the world is unconnected. In nations such as Bangladesh, vandalism to physical infrastructure
or component failure have left millions, in a sense, stranded. A sudden loss in Internet connectivity
is detrimental to the local economy. Providing a resilient network allows for degradation and
scaling without a drop in performance.

Health
Anthrolink, at its core, is about people and connecting people. RF fields operating at below 10
GHz have the potential to cause harm to humans, especially when operated at close range. Studies
about the correlation between radio frequency fields and certain forms of cancer are inconclusive
but not disproven.
As Anthrolink and derivative technologies would primarily be used in public spaces with many
people, health is a consideration. While the amount of energy transmitted is miniscule, we have
still ran tests to test for peak power and potential spikes in transmitted energy. Although the health
effects of Anthrolink are improbable, our tests signal the holistic approach in crafting a system.
An Anthrolink-like system has the potential to reduce the cost of deployment and upkeep of
Internet infrastructure. Traditional Internet infrastructure requires expensive copper cabling to
transmit data from point A to point B. Not only is this deployment monetarily expensive, it requires
vast amount of resources from time to technical labor. In a nation with extreme geographical terrain,
for example, traditional network deployment is financially unviable.
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Operation
A key parameter in determining the profitability of a service or product is the cost of operation.
Anthrolink uses phased antenna arrays as the core of the system, providing the benefits of the
component. Phased antenna arrays can accommodate failure in a more resilient manner compared
to other antennas. By allowing for component failure and reliability, this 5G validation system can
displace older technologies and quickly gain market share. Through this differentiation and
possibility of widespread market adoption, it is possible to quickly become profitable. In rural
markets, where Anthrolink is most captivating, there is a strong chance of monopolizing the market
using the technology behind Anthrolink.
In addition to graceful degradation, phased antenna arrays and its associated components consume
less power than current antennas. In this sense, not only are systems that use Anthrolink’s
technology cost-effective to deploy, they are cost-effective to maintain. In localities with
unreliable power systems, a network infrastructure that does not require large quantities of energy
implies an infrastructure that does not require constant technical supervision.
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Conclusions and Further Work

Anthrolink presents a prototype system that illustrates how a next generation 5G communication
system might behave and operate. To this end, electrical beamforming is utilized to provide an
energy efficient method of steering signals to and from various endpoints. Domain knowledge
acquired in previous electromagnetics coursework such as ELEN 144, RF and Microwave
Components, is used to design and fabricate the antennas that are central to electrical beamforming
and transmission of signals. System design knowledge gained in Power Electronics, ELEN 164, is
used as background for the selection of appropriate system components for RF to DC conversion.
The implementation of endpoints using microcontrollers demonstrates potential further work in
developing an interconnected content-aware local area network that has the ability to adjust its
properties based on network conditions. In addition, these endpoints underscore the importance of
data collection and utilization of data as a means of determining priority. The notion of content
aware switching is important in a society where decisions are underpinned by the analysis and
collection of vast amounts of data.
Additional work will involve further automation of the involved components as well as
streamlining our design for mass production. In effect, this would mean replacing more of our
custom build components with ready made parts. This would have the advantage of reducing
volatility and batch difference between run of PCBs, antennas, and other materials. Furthermore,
a reliance on ready made parts shifts some of the burden of part validation and testing to the
manufacturer of the part in question.
Further improvements can also be made on the design of the phased antenna array itself. Using
other substrates than FR-4, such as RO3006 or RO4350B, would allow further improvement in the
optimization process. The design of an improved array would greatly increase the delivered signal
to each endpoint while keeping footprint the same. Similar improvements can be made to the feed
network – for instance, a variable phase would allow for corrections in phase errors introduced
during the design or manufacturing process as well as adding the capability to alter the shape and
direction of transmitted beams.
In addition, the switching mechanism as well as the system in its entirety can be iterated upon to
incorporate uplink and smarter switching. Currently, although programmability is incorporated at
every subsystem, it is a declarative process; switching does not receive feedback from the receiving
modules. Anthrolink can be extended by creating feedback loops in the system – both within
analog components and software. The receiver modules in the proof-of-concept system would need
to have transmission capabilities. The RF switch would need to be redesigned to incorporate
multiple inputs from the receiver modules as well as have new algorithms that determine dynamic
switching. As a final step, machine learning algorithms can be incorporated to leverage these
feedback loops and new data. These additions can add value to Anthrolink and challenge the
current communication paradigm itself. Anthrolink allows ease in further additions in the inherent
extensible nature of the system. The system is composed of defined sects – transmitter, switch,
receiver – that make it easy to add new additions.
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The widespread implementation of local area networks and the introduction of new standards such
as “Look and Link” emphasize the importance of machine to machine communications [8]. In this
type of situation, we see the place for an Anthrolink-like system that enables both autonomous and
manual switching. Each approach has its own place in the evolving marketplace of IoT and IoE
enabled devices. Manual switching can be likened to the control that Internet Service Providers
currently hold over wired networks, with the ability to fine tune their infrastructure capacity to
meet the needs of end users, while automated switching is more analogous to the control systems
utilized by power utilities to respond to ebbs and flows in demand. Anthrolink models these
approaches through a dwell-time based algorithm and GUI based manual beam selection,
demonstrating the ability of each method to coexist within the same system.
Thus, the flexibility and feature set of Anthrolink comprise attributes that next generation
technologies are expected to provide. With these features, Anthrolink also carries expectations of
reliability and reparability. The modularity of Anthrolink into distinct subsystems that can be
easily interchanged and replaced highlight ways in which a large scale system can be similarly
approached and ultimately implemented. In these ways, we hope that such enhancements can be
harnessed to improve existing networks and systems, allowing the unconnected avenues for
advancement and improvement through internet connectivity.
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Appendix

A.1 Parts and Budget Breakdown
Table A.1: Cost of Fabrication Materials and Services
Material

Cost

Notes

Copper Tape

$30

Various sizes

PCB Fabrication Costs –
Beamformer/Phased Antenna
Array

$375

Manufacturer: Bay Area
Circuits

PCB Fabrication Costs –
Patch Antennas

$60

Manufacturer: ExpressPCB

Table A.2: Inventory of Necessary Electronic Components
Component

Manufacturer

Part Number

Cost (Total) Quantity

RF Detector Boards

Analog
Devices

AD8318 (Active IC)

$60

4

Misc capacitors,
resistors, etc.

Various

N/A

$30

Varies

RF Switch

Mini Circuits

USB-SP4T-63

$345

1

SMA Connectors (F)

Various

N/A

$25

15

Microcontroller

Texas
Instruments

MSP430G2

$40

4

SMA Cables

Various

N/A

$50

6-8

A-2

A.2 Radiation Pattern Measurements
Port 1
Degree Power (dBm)
0
-37
10
-37.7
20
-33.1
30
-31.3
40
-26.7
50
-25.4
60
-25.7
70
-28.19
80
-31.3
90
-32
100
-33.3
110
-37.5
120
-44.3
130
-42.6
140
-43.9
150
-45
160
-42.2
170
-38.8
180
-39.8
190
-36
200
-42.9
210
-47
220
-44.4
230
-41.4
240
-40.8
250
-42
260
-49.5
270
-43.3
280
-39.8
290
-35.3
300
-36
310
-38.7
320
-35.4
330
-29.9
340
-28.3
350
-29.2

A-3

Port 2
Degree Power (dBm)
0
-24
10
-33
20
-34.50
30
-42
40
-43
50
-40.3
60
-49.8
70
-34.6
80
-37.6
90
-38.4
100
-41.7
110
-53
120
-46.7
130
-47.7
140
-43.6
150
-52
160
-49.3
170
-41
180
-44.5
190
-38.7
200
-41.2
210
-44.5
220
-41.5
230
-41.5
240
-43.2
250
-44.4
260
-42.5
270
-55
280
-46
290
-42
300
-38
310
-34
320
-30.4
330
-31.2
340
-25.4
350
-21.1

A-4
Port 3
Degree
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350

Power
(dBm)
-28.5
-24.6
-23.8
-27.7
-36.7
-47.5
-38.11
-38
-40.2
-41.4
-43.4
-40.6
-43
-45
-45
-45.9
-47
-45
-44
-44
-40
-42
-45
-40
-43
-41
-43
-48
-43
-45
-37
-37
-36
-36
-47
-40

A-5
Port 4
Power
Degree (dBm)
0
-40.3
10
-42.2
20
-30.8
30
-27.4
40
-29
50
-28.8
60
-34.7
70
-42.2
80
-40.5
90
-37.6
100
-36
110
-36.3
120
-40.1
130
-37.6
140
-45
150
-48.9
160
-45.2
170
-45
180
-46
190
-45.6
200
-40.3
210
-37.6
220
-35.1
230
-38.9
240
-45
250
-47.8
260
-49.8
270
-44.3
280
-36.2
290
-33.6
300
-31.54
310
-31
320
-29.2
330
-26
340
-23.1
350
-22.6

A-6

A.3 RF Switch Code
RF Beamswitching Algorithm
Routine to accompany GUI. Ability to define custom switching sequences.

// RF Solid Switch from Mini-Circuits
// minicircuits.com/softwaredownload/Prog_Manual-Solid_State_Switch.pdf
// Create new switch object referencing DLL
USB_Digital_Switch ^MyPTE1 = gcnew USB_Digital_Switch();
int steps_number = 4;
// Connection Routine
status = MyPTE1->Connect();
if (MyPTE1->GetUSBConnectionStatus() == 1) {
MessageBox::Show("USB Connection is valid.")
}
if (MyPTE1->Read_ModelName(ModelName) > 0 ) {
MessageBox::Show("The connected switch is " + ModelName);
}
// Enable continuous mode
mode = MyPTE1->GetSequence_ContinuousMode();
if (mode !== 1 ) {
status = MyPTE1->SetSequence_ContinuousMode(1);
}
// Connect COM to port 1
status = MyPTE1->Set_SP4T_COM_To(1);
// Sequence Initialization - 4 Steps
status = MyPTE1->SetSequence_NoOfSteps(steps_number);
// Step 0; Com Connect to Port 1; Dwell
status = MyPTE1->SetSequence_Step(0, 1,
status = MyPTE1->SetSequence_Step(1, 4,
status = MyPTE1->SetSequence_Step(2, 3,
status = MyPTE1->SetSequence_Step(3, 2,
//
//
//
//
//
//
//
//

for 5 ms
5, 1);
10, 1);
5, 1);
10, 1);

Last param: 0 (us), 1 (ms), 2 (s)
Switches between Ports 1 - 4
for (int i = 0; i < steps_number; i++)
{
if (status == 1) {
status = MyPTE1->SetSequence_Step(i, i, 5, 1);
}
}

// Start Sequence
status = MyPTE1->SetSequence_ON();
// MyPTE1->Disconnect();

A-7

A.4 RF Detector Microcontroller Code
Drive External LED
Simple method to validate the use and powering of external LEDs.

int analogPin = 23;
void flash(int num);
void setup() {
pinMode(analogPin, OUTPUT);
}
void loop() {
// Run through brightness spectrum
for(int j=0; j<=150; j+=1) {
flash(1, j);
}
}
// Drive LED for defined time and brightness
void flash(int waitTime, int ledBrightness) {
analogWrite(analogPin, ledBrightness);
delay(waitTime);
}

A-8
DC Voltage Read
Method to launch Serial Monitor, read voltage and convert to a digital value.

#define VOLTAGE_MAX 1.85
#define VOLTAGE_MIN 1.70
#define ANPIN A7 // Analog read pin

void voltage_check(float);
void setup() {
// Initialize serial communication at 9600 bps
Serial.begin(9600);
pinMode(GREEN_LED, OUTPUT);
}
void loop() {
int total = 0;
for (int i = 0; i <= 30; i++) {
int sensorData = analogRead(ANPIN);
delay(3);
total = (total + sensorData);
}

float voltage = ((total / 30) * (3.0 / 1023.0) + 0.23);
Serial.println(voltage);
voltage_check(voltage);
}
void voltage_check(float voltage_in) {
// Turn on LED for 50 ms if voltage is within a defined range
if ((voltage_in > VOLTAGE_MIN) && (voltage_in < VOLTAGE_MAX )) {
digitalWrite(GREEN_LED, HIGH);
}
delay(50);
// Turn off LED if voltage is below threshold
digitalWrite(GREEN_LED, LOW);

}

A-9
Smoothing Analog Read
Algorithm reads analog voltage at pin A0 of microcontroller and uses a running average to
algorithmically filter out outlying values to reduce fluctuations in values.
If above a defined DC voltage threshold, the internal LED is powered.

#define THRESH 1.5
#define ANPIN A0 // Analog read pin
int ledPin = 13;
const int numReadings = 20;

// tradeoff between responsiveness and smoothness

int
int
int
int

//
//
//
//

readings[numReadings];
readIndex = 0;
total = 0;
average = 0;

the
the
the
the

readings from the analog input
index of the current reading
running total
average

int inputPin = A0;
void setup() {
// initialize serial communication with computer:
Serial.begin(9600);
pinMode(ledPin, OUTPUT);
// initialize all the readings to 0:
for (int thisReading = 0; thisReading < numReadings; thisReading++) {
readings[thisReading] = 0;
}
}
void loop() {
total = total - readings[readIndex];
readings[readIndex] = analogRead(ANPIN);
total = total + readings[readIndex];
readIndex = readIndex + 1;
if (readIndex >= numReadings) {
readIndex = 0;
}
average = total / numReadings;
float voltage = (average * (5.0 / 1024.0)) - 1.0;
Serial.println(voltage);
delay(1);
// delay in between reads for stability
if (voltage > THRESH) {
digitalWrite(ledPin, HIGH);
}
// Turn off LED if voltage is below threshold
delay(50);
digitalWrite(ledPin, LOW);
}

